Summary: Excitotoxicity is believed to underlie the se lective loss of vulnerable neurons after transient isch emia, while lactic acidosis seems to be the principal fea ture and probable cause of tissue infarcts. Primary hip pocampal cultures containing both neurons an d astrocytes derived from fetal rats were used to examine the relative contributions of and interactions between ex citotoxic and acidotic cell injury. Hypoxia-induced dam age was energy dependent and involved the N methyl-D-aspartate (NMDA) receptor. Glucose above 1 mM could completely protect against hypoxia-induced in jury in a pH range of 7.4-6.5, while the NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric acid (500 fLM) during the posthypoxic period provided only partial protection in the absence of glucose. Astrocyte cultures were undamaged by ischemic-like treatment in this pH Transient cerebral ischemia leads to selective and often severe neuron loss. Of those brain regions affected, the CAl cell field in the hippocampus is one of the most vulnerable (Pulsinelli, 1985) . Such hippocampal damage, both experimental and spon taneous, can lead to cognitive impairments in pri mates, including humans (Squire, 1987) . In animal models, this selective neuronal necrosis seems to arise fr om a process of delayed toxicity fo llowing reperfusion, providing the potential for clinical in tervention. The development of therapeutic strate gies, however, hinges upon a knowledge of the bio chemistry that underlies selective neuronal injury.
Transient cerebral ischemia leads to selective and often severe neuron loss. Of those brain regions affected, the CAl cell field in the hippocampus is one of the most vulnerable (Pulsinelli, 1985) . Such hippocampal damage, both experimental and spon taneous, can lead to cognitive impairments in pri mates, including humans (Squire, 1987) . In animal models, this selective neuronal necrosis seems to arise fr om a process of delayed toxicity fo llowing reperfusion, providing the potential for clinical in tervention. The development of therapeutic strate gies, however, hinges upon a knowledge of the bio chemistry that underlies selective neuronal injury.
range, suggesting that hypoxia-induced cell death in mixed cultures was restricted to neurons. Lowering the extracellular pH to 7.0 and 6.5 caused no neuronal dam age in normoxic controls, but in each case provided sig nificant protection against hypoxic neuronal injury. In contrast, a second type of neurotoxicity was observed after a 6-h exposure to pH 6.0, while exposure to pH 5.5 was required to kill astrocytes. This acidotic damage ap peared to be energy independent and did not involve the NMDA receptor. These results suggest that excitotoxic neuron death has an energetic component and that acido sis may produce both protective and damaging effects in the hippocampus during ischemic insults. Key Words: Ac idosis-Excitotoxicity-Hippocampus-Ischemia N-Methyl-D-aspartate receptor-Neuronal death.
Amid the numerous mechanisms implicated in ischemic neuropathology, two dominant themes have emerged. One depicts ischemic damage as "excitotoxic," resulting fr om excessive accumula tion of synaptic glutamate and a subsequent loss of calcium homeostasis in the postsynaptic neuron. The extracellular concentration of glutamate has been shown to increase in the hippocampus and striatum during ischemia (Benveniste, et ai. 1984; Globus, et ai. 1988) , and strong evidence points to the activated N-methyl-D-aspartate (NMDA) recep tor/channel as an important route of Ca 2 + entry (MacDermott et aI., 1986; Murphy et aI., 1987; Con nor et aI., 1988) . Since the first demonstration of amino acid toxicity in the CNS (Olney, 1969) , in creasing evidence has strengthened the link be tween a glutamate-induced rise in intracellular cal cium and selective neuronal injury (Andine et aI., 1988; Ogura et aI., 1988; Mattson et aI., 1989) . Moreover, ischemic neuron loss can be attenuated both in vitro (Rothman, 1984; Choi et aI., 1988) and in vivo (Simon et al., 1984; Foster et aI., 1988; Swan et aI., 1988) by application of selective NMDA an tagonists during and immediately after the insult.
A second model portrays ischemic brain damage as a consequence of the tissue acidosis that occurs during and after ischemia. Under hypoxic condi tions, glucose supports the production of lactate, a well-established marker of ischemic brain tissue. Subsequent hydrolysis of glycolytic ATP generates protons, which probably underlie the coincident fall in tissue pH (Erecinska and Silver, 1989; Lotito et aI., 1989) . In normoglycemic rats, pHo typically falls to 6.5 during ischemia but can reach 6.0 under hyperglycemic conditions (Siemkowicz and Hansen, 1981; Kraig et aI., 1985a) . Similar shifts in pHi have also been observed (Mabe et aI., 1983; Smith et aI., 1985; Hope et aI., 1988) . This relation ship between glucose and acidosis is thought to underlie the long-standing observation that pre ischemic hyperglycemia worsens the neuropatho logical outcome, often leading to tissue infarcts (Plum, 1983) . Such cell loss, or pannecrosis, in volves both neuronal and nonneuronal cells. Sev eral plausible mechanisms of acidotic neuronal in jury have been proposed (Pulsinelli et aI., 1985; Siesjo, 1985) , yet no evidence has linked the ele vated lactate or acidosis directly with the selective loss of certain vulnerable neurons that occurs in the absence of infarct. While these two models need not be mutually exclusive, few attempts have been made to integrate them. In this study we character ize the relative contributions of and interactions be tween excitotoxic and acidotic cell injury in an in vitro model of ischemia using primary hippocampal cultures. Our results support the idea that the NMDA-dependent process of delayed hippocampal neuron death has an energetic component and sug gest that extracellular pH can influence the sensi tivity of these neurons to hypoxic insults.
METHODS

Primary cultures
Preparation of hippocampal cultures was based on the method of Banker and Cowan (1977) . Hippocampal tissue was dissected from 18-day-old fetal rats, freed of menin ges, and placed in the following solution: NaCl, 137 mM; KCI, 5 mM; Na2HP04, 0.7 mM; N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid (free acid), 25 mM; 0.1% bovine serum albumin (BSA); pH 7.4. After three washes with this buffer, hippocampi from 40--65 fetuses were dissociated enzymatically at 37°C in a water jacketed spinner flask (Wheaton no. 356745) to which had been added 40 ml of the following mixture: 0.16 g colla genase II (Worthington Biochem Corp., Freehold, NJ, U.S.A.), 0.16 g BSA, 0.16 g glucose, and 2,700 Kunitz units DNase II (Sigma, st. Louis, MO, U.S.A.) reconsti-J Cereb Blood Flow Metab, Vol. 10, No. 4, 1990 tuted with the above buffer. After 60 min, the tissue was dissociated by trituration with a silanized Pasteur pipet and incubated for an additional 30 min in the spinner flask. Following a second trituration, the dispersed cells were centrifuged for 8 min at 1,100 g in an IEC clinical centrifuge. Cells were resuspended in 3 ml 0.1% BSA/ buffer and then centrifuged for 5 min through 35 ml of a 4% BSAlbuffer solution. Cells were washed three times with Dulbecco's Modified Eagle Medium (DMEM; Gibco) supplemented with 5% (vol/vol) heat-inactivated fetal calf serum (Hyclone Labs, Logan, UT, U.S.A.), 0.002% Nystatin, 1% (voUvol) Pen/Strep (Sigma), 0.02% L-glutamine, and 0.1% glucose and plated in the same medium at a density of 7-8 x 105/cm 2 in 96-well plates that had been pretreated with 30 tJ.g/ml poly-o-Iysine. At 6 days of age, cultures were refed with serum supplemented DMEM containing 30 tJ.g/ml of uridine and 15 tJ.g/ml of fluorodeoxyuridine (Sigma) to curb prolifer ation of nonneuronal cells. These cultures were main tained for an additional 4-6 days at 37°CIl0% CO2 and will be referred to as "mixed" cultures. Glia-enriched cultures were obtained by omitting the mitotic inhibitors and refeeding the cells every 3-4 days for 4 weeks. This treatment resulted in a confluent layer of flat polygonal shaped cells and the absence of overlying phase-bright neuronal cells. These will be referred to as "astrocyte" cultures.
Immunocytochemistry
Culture purity was assessed by immunocytochemical peroxidase staining using a Vectastain ABC Elite kit pur chased from Vector Labs (Burlingame, CA, U.S.A.). A glial fibrillary acidic protein antiserum, originally pre pared by L. Eng and generously donated by C. Shatz, was diluted to 1:500 and used as the primary antibody. Cell fields were photographed and the numbers of stained and unstained cells were counted blind. After 12 days, mixed cultures were estimated to contain 50--60% astro cytes (glial fibrillary acidic protein positive). The remain ing overlying cells were visible as unstained phase-bright neuronal bodies with extensive processes. Four-week-old astrocyte cultures contained >95% astrocytes based on the same criteria.
In vitro hypoxia
Cultures were refed with the following Krebs-Ringer phosphate (KRP) medium immediately prior to hypoxia (mM): NaCI, 136; KCI, 4.7; MgS04, 1.25; CaCI2, 1; NaHzP04, 5; glutamine, 2; supplemented with 1 x vita mins and minimal amino acids (Gibco). Glucose concen trations were adjusted as needed, either during hypoxia in KRP experimental medium or 24 h prior to hypoxia in DMEM. To provide additional pH buffering, 20 mM of either N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) or piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) (free acid; Sigma) was included. For exper iments in which cells were exposed to pH 5.0--6.5, PIPES buffered KRP was used. Medium pH was adjusted with HCI and NaOH. The competitive NMDA antagonist O,L-2-amino-5-phosphonovaleric acid (o,L-APV; Sigma) was dissolved in KRP, pH 7.4, immediately before use and diluted to 500 tJ.M to ensure complete NMDA receptor blockade for up to 24 h. Cultures were made hypoxic by placing them in an airtight chamber (Billups-Rothenberg, Del Mar, CA, U.S.A.) and then flushing the chamber with 100% N2 immediately before incubation at 37°C. Hu-midity was maintained near 100% by placing small H20-filled dishes in the chamber. Hypoxic exposure lasted for 4-6 h. This time was shown empirically to be the mini mum needed to cause complete neuronal damage under glucose-free conditions. Normoxic controls were ex posed to humidified air at 3rC for 4-6 h. All experimental media were replaced immediately with fresh KRP con taining 5 mM glucose and cultures were returned to a 37°C incubator. Following a 24-h recovery period, all me dia were removed and cells were lysed with 0.5% Triton X-loo in 0.1 M potassium phosphate buffer, pH 7.5, for lactate dehydrogenase (LDH) measurement.
LDH assay
Cell lysates were assayed for LDH activity using a modified version of a diagnostic kit (no. 340-UV) pur chased from Sigma. Enzyme activity was measured with a Beckman DU-64 spectrophotometer and recorded in arbitrary units based on the change in absorbance at 340 nm after 3 min. Lysates could be stored at 4°C for up to 3 days with no significant loss of LDH activity. The use of this method to monitor cell injury in our culture system has been discussed previously (Sapolsky et al., 1988) . LDH is a biologically stable marker and its activity cor relates linearly with cell number (Schnaar et al., 1978; Koh and Choi, 1987) . In contrast to measuring LDH ef flux from injured cells, we measured residual LDH in undamaged cells; our pilot data show such measurements to be complementary to measurements of LDH efflux.
Statistics
Data were evaluated by an unpaired Student t test or by analysis of variance followed by a Newman-Keuls post hoc test. Unless otherwise indicated, LDH values are expressed as a percentage of the control mean (normoxia, 5 mM glucose, pH 7.4).
RESULTS
Initial characterization of mixed cultures
To describe any interactions among ambient glu cose, oxygen, and pH in our culture system, we first measured the sensitivity of hippocampal cells to each of these three parameters alone (Table 1) . Control conditions were defined as normoxia, 5 mM glucose, and pH 7.4. Exposure to 6 h of hypoxia at pH 7.4 and 5 mM glucose caused no demonstrable cell damage. Similarly, under normoxic conditions at pH 7.4, 6 h of glucose deprivation caused no measurable damage. When exposed for 6 h (nor moxia, 5 mM glucose) to pH values ranging from 7.4 to 6.0, significant cell damage could be recorded only at 6.0.
Effects of ambient glucose concentration
Glucose concentrations were varied before and during hypoxia to define more precisely the sub strate requirements for neurons during hypoxia and acid exposure. Hypoxic neuron death was com pletely prevented at pH 7.4 when 1-5 mM glucose was present during 6 h of hypoxia. As the hypoxic glucose level was reduced below 1 mM, LDH ac tivity also fell (Fig. 1) . This "ischemic" cell damage has been shown previously to result from a delayed process (Tombaugh and Sapolsky, 1989) . In con trast, the presence of 5 mM glucose did not protect against normoxic cell injury seen at pH 6.0 (Fig. 2) . Since hyperglycemia is known to exacerbate isch emic injury in vivo, mixed cultures were exposed to 30 mM glucose before or during hypoxia at pH 7.4 and 6.5 to record whether the same damaging effect could be seen in our cultures (Table 2) . These pH values represented the range in which acidotic dam age did not occur and at which 1-5 mM glucose completely protected against hypoxic cell death. High-glucose treatment during hypoxia caused no measurable loss in tissue LDH at either pH when compared with matching pH control groups treated with 5 mM glucose. Prehypoxic high-glucose treat ment not only failed to aggravate "ischemic" cell damage but provided significant protection (p < 0.001) after hypoxia and pH 7.4.
Hypoxic and pH effects in astrocyte cultures
To determine whether a loss of LDH in mixed cultures reflected neuronal or nonneuronal damage, astrocyte cultures derived fr om fetal hippocampi were treated under both paradigms that damaged our mixed cultures. Ischemic-like exposure at pH 7.4 caused no measurable damage to these cultures relative to controls (Table 3) . High-glucose (30 mM) Cultures were pretreated for 24 h with either 10 mM or 30 mM glucose (before), followed by hypoxia or normoxia at the indicated glucose con centration (during) and pH. APV indicates cultures treated with 500 fLM APV during and after hypoxia. Data are expressed as a percent of the control mean and presented as mean ± SEM. Sample sizes are given in parentheses. APV, 2-amino-5-phosphonovaleric acid; LDH, lactate dehy drogenase. " Cell survivorship is expressed as a percentage of the pH-matched, normoxlc/5 mM control.
b Significantly different from group I, P < 0.00 1.
C Significantly different from group 5, p < 0.001. � Significantly .
different from matching pH 7.4 groups 2 and 3, using paIrwIse compansons after two-way analysis of variance, p < 0.01. treatment for 24 h before hypoxia did not alter this result. A small but significant (p < 0.01) loss of LDH, however, did occur when the hypoxic pH was reduced to 6.0. Acid-induced damage in these cultures occurred only after the medium pH was adjusted to 5.5, regardless of the glucose concen tration (Fig. 3) . Thus, above pH 5.5 cell damage was restricted predominantly to neurons.
Effects of extracellular pH and APV during hypoxia
Additional experiments examined the sensitivity to hypoxia as a fu nction of extracellular pH. We have previously shown that mild acidosis (pH 6.5) can prevent hypoxic injury in our mixed cultures (Tombaugh and Sapolsky, 1989) . We then asked whether we could obtain intermediate protection with a smaller degree of acidosis. At a pH of 7.0 (0 mM glucose), we detected significant protection (p < 0.05) against cell damage whose magnitude was ?Ignlflcantly different from hypoxia, pH 7.4, P < 0.001 .
,--------------------
tSlgnlflcantly different from hypoxia, pH 7.4, P < 0.01 . _, hypoxia; �, normoxia.
less than that seen at pH 6.5 (p < 0.001; Fig. 4 ). This effect disappeared at pH 6.0, at which point severe damage occurred in both the glucose and the glucose-free groups. The combined treatment of hypoxia and pH 6.0 caused a further decline in LDH activity that was significantly different (p < 0.01) from that seen after glucose-free hypoxia at pH 7.4 (Fig. 4) . Since glutamate binding to and ac tivation of NMDA receptors are pH-sensitive events (Monaghan and Cotman, 1986; Morad et al., 1988) , we attempted to show that hypoxia-induced damage observed at pH 7.4 involved the NMDA receptor. Mixed cultures were exposed to the com petitive NMDA receptor antagonist D,L-APV dur ing or after 4-5 h of glucose-free hypoxia at pH 7.4 (Fig. 5) . The toxicity associated with this shorter hypoxic exposure was identical to that seen after a 6-h treatment. The presence of APV after the insult attenuated cell damage slightly but significantly (p < 0.01). When limited to the hypoxic period, APV failed to prevent cell damage. The ability of APV to protect against acid-induced injury was also tested. The presence of 500 fJ-M APV during and following 6 h of normoxic exposure to pH 6.0 also failed to reduce the extent of neuronal damage in the pres ence or absence of 5 mM glucose (Table 2) .
DISCUSSION
Both excitotoxicity and lactic acidosis have been proposed as mediators of ischemic brain damage. Few studies, however, have evaluated their relative contributions and potential interactions in the con- text of selective neuron death. Using a primary hip pocampal culture system, we have examined these issues and found the following: (a) hypoxic neuro nal damage appears to involve activation of the NMDA receptor, is energy dependent, and is de tectable above pHo 6.5; (b) this component of dam age is sensitive to ambient pH in that decreasing pHo to 7.0 or 6.5 is protective; (c) acidotic neuronal damage appears to be energy independent, is insen sitive to NMDA receptor blockade, and occurs at or below pH 6.0.
Several general features of this in vitro system have been discussed previously (Tombaugh and Sa polsky, 1990) . First, both ischemia-like treatment and pH 6.0 appeared to damage only neurons in our mixed cultures since neither treatment caused any damage in pure astrocyte cultures. A similar glial resistance to prolonged hypoxia has been described elsewhere (Rothman, 1984; Goldberg et al., 1987; Vibulsreth et al., 1987; Yu et al., 1989) . In addition maximum loss of LDH recorded in mixed culture� �fter these treatments (-50%) matched the approx lmate percentage of neurons determined by immu nocytochemistry. Neuronal damage after glucose free hypoxia or pH 6.0 in mixed cultures was there fore assumed to be complete. Glucose-free hypoxia at pH 6.0 in mixed cultures caused a small but sig nificant (p < 0.01) cell loss below that seen at pH 7.4 (Fig. 4) . Since this effect was also seen in astro cyte cultures (Table 3) , the difference seen in mixed cultures probably reflected a small degree of glial damage. Finally, the method we used to induce hypoxia results in an anoxic chamber atmosphere, but because medium gas exchange is incomplete, some dissolved oxygen remains even after 12-24 h (Yu et aI., 1989) . Moreover, oxygen exchange in the medium reaches a steady state only after several hours. Potentially, this could explain the prolonged hypoxia required to damage our neurons. In sup port of this, shorter exposures to predeoxygenated media have been used to damage cultured cortical neurons (Goldberg et aI., 1988) . Alternatively, this could reflect the well-established resistance of the perinatal rat brain to hypoxic injury (Duffy et aI., 1975) . Young hippocampal neurons appear better able to maintain their ATP levels than adult neurons during a hypoxic challenge (Kass and Lipton, 1989) , (Weiss et aI., 1989) and IPrmediated cal cium release from intracellular stores (Furuya et aI., 1989; Garthwaite and Garthwaite, 1989) , either of which could have contributed to neuronal damage in our cultures.
Reducing the pH from 7.4 to 6.5 during glucose free hypoxia protects neurons in mixed cultures (Giffard et aI., 1990; Tombaugh and Sapolsky, 1990) . We now report that an intermediate degree of acidosis (pH 7.0) confers an intermediate degree of protection. The ischemic brain often reaches and can exceed a pHo of 6.5, and the binding of gluta mate to NMDA receptors is known to be sensitive to ambient pH (Monaghan and Cotman, 1986 ).
Moreover, recent electrophysiological studies in
CAl neurons have shown that NMDA-activated Ca2 + currents are abolished at pHo 6.6 (Morad et aI., 1988) . Thus, the "dose-dependent" pH protec tion described in the present study could be due to the gradual removal of the damaging NMDA com ponent. Since pH 6.5 was significantly more protec tive than APV (p < 0.001; This NMDA-related component of damage was also energy dependent in that hypoxic neuron death was prevented by glucose at concentrations of 1-30 mM. Protection was observed even when glucose was elevated to hyperglycemic levels (30 mM) be fore glucose-free hypoxia, suggesting that intracel lular glucose stores are an important factor in reg ulating ischemic pathology. Though not measured, intracellular lactate production was presumably greater in these "high-glucose" cultures. Since this treatment did not aggravate hypoxic injury at either pH 7.4 or 6.5, lactate production apparently was not a contributing factor to the neuronal damage seen after glucose-free hypoxia, as has been reported elsewhere (Schurr et aI., 1987a) . This is in contrast to the in vivo picture where elevated glucose exac erbates ischemic cell death in the CNS. In the isch emic penumbra, however, glucose may protect against generalized neuronal necrosis in vivo (Diet rich et aI., 1987; Nedergaard and Diemer, 1987) , consistent with the beneficial role of glucose de scribed in the present study and previously (Schurr et aI., 1987b; Novelli et aI., 1988) .
Energy depletion at the excitatory synapse during hypoxic insults has been emphasized in vivo (Col lins, 1986) and seems to mediate the transition of glutamate from an excitatory to an excitotoxic agent in vitro (Novelli et aI., 1988) . As sodium gra dients are lost for lack of energy (Erecinska and Silver, 1989) , the resulting membrane depolariza tion leads to enhanced Ca2 + entry through a num ber of potential routes and to impaired Ca2 + se questering and efflux. Elevated cytosolic calcium has been implicated as the final common pathway in the development of excitotoxic neuronal damage (Choi, 1985; Rothman and Olney, 1987) . A reduced energy state may also weaken a cell's ability to reg ulate its pHi during ischemia (Roos and Boron, 1981; Kraig et aI., 1985b) . Both extracellular lactate and protons in the brain quickly increase during the first few minutes of ischemia but soon reach a steady state while total lactate and H + concentra tions continue to rise (Kraig et aI., 1985c; Kuhr et aI., 1988) , reflecting the intracellular accumulation of acid. Thus, under conditions of energy depletion, a neuron's capacity to handle an acidic challenge or a glutamate-induced increase in internal Ca2 + con centration is likely to be compromised.
In addition to excitotoxic damage, we observed a distinct type of acidotic cell damage in our cultures.
Hippocampal neurons could withstand extracellular acidosis when the pHo was �6.5 but became dam aged at or below 6.0. This form of cell damage was independent of the NMDA receptor since APV did not attenuate acidotic injury during hypoxia or nor moxia. Moreover, this damage did not appear to be energy dependent since glucose had no protective effect as had been observed for hypoxic injury. If any energy-dependent component was present, it was probably offset by the more severe acidotic damage to external membrane components. Kraig et aI. (1987) have reported that brief (20 min) expo sure to pHo of �5.3 in the absence of ischemia kills brain tissue but that no significant damage occurs above this pH. Since 6 h of relatively mild acidosis was required to kill neurons in our cultures, this toxicity was probably more a consequence of dura tion than of degree. In addition, since hypoxic and acidotic effects on pHi were not monitored, acidotic cell death in our cultures could also have arisen from nonspecific intracellular damage. The same uncertainty exists during hyperglycemic ischemia in which energy-depleted cells, no longer able to shunt acid interstitially, may produce potentially lethal shifts in pHi (Obrenovitch et aI., 1988) . The higher pH tolerance of astrocytes observed here neverthe less agrees with the finding that excessive lactic ac idosis in brain is required to damage these cells and transform selective neuronal necrosis into infarc tion (Nedergaard, 1987; Pulsinelli et aI., 1982) . A threshold concentration of lactate (16-20 mmollkg) has been suggested to underlie this transition in vivo (Plum, 1983) , but the corresponding tissue pH has not been determined. 
